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ABSTRACT
We study the formation of the Intra-Cluster Light (ICL) using a semi-analytic model of
galaxy formation, coupled to merger trees extracted from N-body simulations of groups
and clusters. We assume that the ICL forms by (1) stellar stripping of satellite galaxies
and (2) relaxation processes that take place during galaxy mergers. The fraction of
ICL in groups and clusters predicted by our models ranges between 10 and 40 per cent,
with a large halo-to-halo scatter and no halo mass dependence. We note, however, that
our predicted ICL fractions depend on the resolution: for a set of simulations with
particle mass one order of magnitude larger than that adopted in the high resolution
runs used in our study, we find that the predicted ICL fractions are 30-40 per cent
larger than those found in the high resolution runs. On cluster scale, large part of the
scatter is due to a range of dynamical histories, while on smaller scale it is driven by
individual accretion events and stripping of very massive satellites, M∗ & 10
10.5M⊙,
that we find to be the major contributors to the ICL. The ICL in our models forms
very late (below z ∼ 1), and a fraction varying between 5 and 25 per cent of it
has been accreted during the hierarchical growth of haloes. In agreement with recent
observational measurements, we find the ICL to be made of stars covering a relatively
large range of metallicity, with the bulk of them being sub-solar.
Key words: clusters: general - galaxies: evolution - galaxy: formation.
1 INTRODUCTION
The presence of a diffuse population of intergalactic stars
in galaxy clusters was first proposed by Zwicky (1937), and
later confirmed by the same author using observations of
the Coma cluster with a 48-inch schmidt telescope (Zwicky
1952). More recent observational studies have confirmed
that a substantial fraction of stars in clusters are not bound
to galaxies. This diffuse component is generally referred to
as Intra-Cluster Light (hereafter ICL).
Both from the observational and the theoretical point
of view, it is not trivial to define the ICL component. A frac-
tion of central cluster galaxies are characterized by a faint
and extended stellar halo. These galaxies are classified as
cD galaxies, where ‘c’ refers to the fact that these galaxies
are very large and stands for supergiant and ‘D’ for diffuse
(Matthews et al. 1964), to highlight the presence of a dif-
fuse stellar envelope made of stars that are not bound to
the galaxy itself. Separating these two components is not
⋆ Email: contini@oats.inaf.it
an easy task. On the observational side, some authors use
an isophotal limit to cut off the light from satellite galaxies,
while the distinction between the brightest cluster galaxy
(hereafter BCG) and ICL is based on profile decomposi-
tion (e.g. Zibetti et al. 2005). Others (e.g. Gonzalez et al.
2005) rely on two-dimensional profile fittings to model the
surface brightness profile of brightest cluster galaxies. In
the framework of numerical simulations, additional infor-
mation is available, and the ICL component has been de-
fined using either a binding energy definition (i.e. all stars
that are not bound to identified galaxies, e.g. Murante et al.
2007), or variations of this technique that take advantage of
the dynamical information provided by the simulations (e.g.
Dolag et al. 2010). In a recent work, Rudick et al. (2011)
discuss different methods that have been employed both for
observational and for theoretical data, and apply them to
a suite of N-body simulations of galaxy clusters. They find
that different methods can change the measured fraction1
1 This is the ratio between the mass or luminosity in the ICL com-
ponent and the total stellar mass or luminosity enclosed within
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of ICL by up to a factor of about four (from ∼ 9 to ∼ 36
per cent). In contrast, Puchwein et al. (2010) apply four dif-
ferent methods to identify the ICL in hydrodynamical SPH
simulations of cluster galaxies, and consistently find a sig-
nificant ICL stellar fraction (∼ 45 per cent).
There is no general agreement in the literature about
how the ICL fraction varies as a function of cluster mass.
Zibetti et al. (2005) find that richer clusters (the richness
being determined by the number of red-sequence galaxies),
and those with a more luminous BCG have brighter ICL
than their counterparts. However, they find roughly con-
stant ICL fractions as a function of halo mass, within the
uncertainties and sample variance. In contrast, Lin & Mohr
(2004) empirically infer an increasing fraction of ICL with
increasing cluster mass. To estimate the amount of ICL,
they use the observed correlation between the cluster lu-
minosity and mass and a simple merger tree model for clus-
ter formation. Results are inconclusive also on the theoret-
ical side, with claims of increasing ICL fractions for more
massive haloes (e.g. Murante et al. 2004; Purcell et al. 2007;
Murante et al. 2007; Purcell et al. 2008), as well as findings
of no significant increase of the ICL fraction with cluster
mass (e.g. Monaco et al. 2006; Henriques & Thomas 2010;
Puchwein et al. 2010), at least for systems more massive
than 1013 M⊙/h.
Different physical mechanisms may be at play in the
formation of the ICL, and their relative importance can
vary during the dynamical history of the cluster. Stars can
be stripped away from satellite galaxies orbiting within
the cluster, by tidal forces exerted either during interac-
tions with other cluster galaxies, or by the cluster po-
tential. This is supported by observations of arclets and
similar tidal features that have been identified in the
Coma, Centaurus and Hydra I clusters (Gregg & West 1998;
Trentham & Mobasher 1998; Calca´neo-Rolda´n et al. 2000;
Arnaboldi et al. 2012). As pointed out by several authors,
in a scenario where galaxy stripping and disruption are the
main mechanisms for the production of the ICL, the ma-
jor contribution comes from galaxies falling onto the cluster
along almost radial orbits, since tidal interactions by the
cluster potential are strongest for these galaxies. Numerical
simulations have also shown that large amounts of ICL can
come from ‘pre-processing’ in galaxy groups that are later
accreted onto massive clusters (Mihos 2004; Willman et al.
2004; Rudick et al. 2006; Sommer-Larsen 2006). In addition,
Murante et al. (2007) found that the formation of the ICL
is tightly linked to the build-up of the BCG and of the other
massive cluster galaxies, a scenario supported by other the-
oretical studies (e.g. Diemand et al. 2005; Abadi et al. 2006;
Font et al. 2006; Read et al. 2006). It is important, however,
to consider that results from numerical simulations might be
affected by numerical problems. Murante et al. (2007) find
an increasing fraction of ICL when increasing the numerical
resolution of their simulations. In addition, Puchwein et al.
(2010) show that a significant fraction (∼ 30 per cent) of the
ICL identified in their simulations forms in gas clouds that
were stripped from the dark matter haloes of galaxies in-
some radius, usually R200 or R500. In this work, we will use R200,
defined as the radius that encloses a mean density of 200 times
the critical density of the Universe at the redshift of interest.
falling onto the cluster. Fluid instabilities, that are not well
treated within the SPH framework, might be able to disrupt
these clouds suppressing this mode of ICL formation.
In this paper, we use the semi-analytic model presented
in De Lucia & Blaizot (2007, hereafter DLB07), that we ex-
tend by including three different prescriptions for the for-
mation of the ICL. We couple this model to a suite of high-
resolution N-body simulations of galaxy clusters to study
the formation and evolution of the ICL component, as well
as its physical properties, and the influence of the updated
prescriptions on model basic predictions (in particular, the
galaxy stellar mass function, and the mass of the BCGs).
There are some advantages in using semi-analytic models
to describe the ICL formation with respect to hydrodynam-
ical simulations: they do not suffer from numerical effects
related to the fragility of poorly resolved galaxies, and allow
the relative influence of different channels of ICL generation
to be clearly quantified. However, the size and abundance
of satellite galaxies (that influence the amount of predicted
ICL) might be estimated incorrectly in these models. We
will comment on these issues in the following.
The layout of the paper is as follows. In Section 2 we
introduce the simulations used in our study, and in Section 3
we describe the prescriptions we develop to model the forma-
tion of the ICL component. In Section 4 we discuss how our
prescriptions affect the predicted galaxy stellar mass func-
tion, and in Section 5 we discuss how the predicted fraction
of ICL varies as a function of halo properties. In Section 6,
we analyse when the bulk of the ICL is formed, and which
galaxies provide the largest contribution. We then study the
correlation between the ICL and the properties of the corre-
sponding BCGs in Section 7, and analyse the metal content
of the ICL in Section 8. Finally, we discuss our results and
give our conclusions in Section 9.
2 N-BODY SIMULATIONS
In this study we use collisionless simulations of
galaxy clusters, generated using the ‘zoom’ technique
(Tormen, Bouchet & White 1997, see also Katz & White
1993): a target cluster is selected from a cosmological simu-
lation and all its particles, as well as those in its immediate
surroundings, are traced back to their Lagrangian region
and replaced with a larger number of lower mass particles.
Outside this high-resolution region, particles of increasing
mass are displaced on a spherical grid. All particles are
then perturbed using the same fluctuation field used in
the parent cosmological simulations, but now extended
to smaller scales. The method allows the computational
effort to be concentrated on the cluster of interest, while
maintaining a faithful representation of the large scale
density and velocity.
Below, we use 27 high-resolution numerical simulations
of regions around galaxy clusters, carried out assuming the
following cosmological parameters: Ωm = 0.24 for the mat-
ter density parameter, Ωbar = 0.04 for the contribution of
baryons, H0 = 72 kms
−1Mpc−1 for the present-day Hubble
constant, ns = 0.96 for the primordial spectral index, and
σ8 = 0.8 for the normalization of the power spectrum. The
latter is expressed as the r.m.s. fluctuation level at z = 0,
within a top-hat sphere of 8h−1Mpc radius. For all simu-
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Table 1. The sample of haloes used in this study, split in five
subsamples according to their mass. The first column indicates
the mass range, and the second column gives the number of haloes
in each subsample.
Halo mass range Number of haloes
> 1015 h−1M⊙ 13
[5-10]× 1014 h−1M⊙ 15
[1-5]× 1014 h−1M⊙ 25
[5-10]× 1013 h−1M⊙ 29
[1-5]× 1013 h−1M⊙ 259
lations the mass of each Dark Matter particle in the high
resolution region of 108 h−1M⊙, and a Plummer-equivalent
softening length is fixed to ǫ = 2.3h−1 kpc in physical units
at z < 2, and in comoving units at higher redshift.
Simulation data have been stored at 93 output times,
between z = 60 and z = 0. Dark matter haloes have been
identified using a standard friends-of-friends (FOF) algo-
rithm, with a linking length of 0.16 in units of the mean
inter-particle separation in the high-resolution region. The
algorithm SUBFIND (Springel et al. 2001) has then been
used to decompose each FOF group into a set of disjoint
substructures, identified as locally overdense regions in the
density field of the background halo. As in previous work,
only substructures that retain at least 20 bound particles
after a gravitational unbinding procedure are considered to
be genuine substructures. Finally, merger histories have been
constructed for all self-bound structures in our simulations,
using the same post-processing algorithm that has been em-
ployed for the Millennium Simulation (Springel et al. 2005).
For more details on the simulations, as well as on their post-
processing, we refer the reader to Contini et al. (2012). For
our analysis, we use a sample of 341 haloes extracted from
the high resolution regions of these simulations, with mass
larger than 1013h−1M⊙. In Table 1, we give the number of
haloes in different mass ranges.
3 SEMI-ANALYTIC MODELS FOR THE
FORMATION OF THE ICL
In this study, we use the semi-analytic model presented in
DLB07, but we update it in order to include three different
prescriptions for modelling the formation of the ICL com-
ponent. These prescriptions are described in detail in the
following. For readers who are not familiar with the termi-
nology used within our model, we recall that we consider
three different types of galaxies:
• Type 0: these are central galaxies, defined as those lo-
cated at the centre of the main halo2 of each FOF group;
• Type 1: these are satellite galaxies associated with a
distinct dark matter substructure. A Type 0 galaxy becomes
Type 1 once its parent halo is accreted onto a more massive
system;
2 This is the most massive subhalo of a FOF, and typically con-
tains about 90 per cent of its total mass.
• Type 2: also called orphan galaxies, these are satellites
whose parent substructures have been stripped below the
resolution limit of the simulation. Our reference model as-
sumes that, when this happens, the baryonic component
is unaffected and the corresponding galaxy survives for a
residual time before merging with the corresponding central
galaxy. The position of an orphan galaxy is traced by fol-
lowing the position of the particle that was the most bound
particle of the parent substructure at the last time it was
identified.
The residual merger time assigned to each galaxy that
becomes Type 2 is estimated using the following implemen-
tation of the Chandrasekhar dynamical friction formula:
τmerge = ffudge
1.17
lnΛ
D2
R2vir
Mpar
Msat
τdyn (1)
where D is the distance between the satellite and the cen-
tre of its parent FOF, Rvir is the virial radius of the par-
ent halo, Msat the sum of the dark and baryonic mass of
the satellite, Mpar the (dark matter) mass of the accreting
halo, τdyn = Rvir/Vvir is the dynamical time of the parent
halo, and Λ = 1 + Mpar/Msat is the Coulomb logarithm.
All quantities entering equation 1 are evaluated at the last
time the substructure hosting the satellite galaxy is iden-
tified, before falling below the mass limit for substructure
identification. As in DLB07, we have assumed ffudge = 2,
which is in better agreement with recent numerical work
indicating that the classical dynamical friction formulation
tends to under-estimate the merging times measured from
simulations (Boylan-Kolchin et al. 2008; Jiang et al. 2008).
The reference model does not include a prescription for
the formation of the ICL. Below, we describe three different
models 3 that we have implemented to account for the ICL
component. We assume that it is formed through two dif-
ferent channels: (i) stellar stripping from satellite galaxies
and (ii) relaxation processes that take place during mergers
4 and may unbind some fraction of the stellar component of
the merging galaxies. In the following, we describe in detail
each of our prescriptions.
3.1 Disruption Model
This model is equivalent to that proposed by Guo et al.
(2011), and assumes that the stellar component of satel-
lite galaxies is affected by tidal forces only after their parent
substructures have been stripped below the resolution of the
simulation (i.e. the galaxies are Type 2). We assume that
each satellite galaxy orbits in a singular isothermal poten-
tial,
φ(R) = V 2vir lnR, (2)
and assume the conservation of energy and angular momen-
tum along the orbit to estimate its pericentric distance:(
R
Rperi
)2
=
lnR/Rperi +
1
2
(V/Vvir)
2
1
2
(Vt/Vvir)2
. (3)
3 That are ”either/or” prescriptions.
4 That we couple with each of the three stellar stripping prescrip-
tions.
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In the equation above, R is the distance of the satellite from
the halo centre, and V and Vt are the velocity of the satel-
lite with respect to the halo centre and its tangential part,
respectively. Following Guo et al. (2011), we compare the
main halo density at pericentre with the average baryon
mass density (i.e. the sum of cold gas mass and stellar mass)
of the satellite within its half mass radius. Then, if the fol-
lowing condition is verified:
MDM,halo(Rperi)
R3peri
= ρDM,halo > ρsat =
Msat
R3half
, (4)
we assume the satellite galaxy to be disrupted and its stars
to be assigned to the ICL component of the central galaxy.
In the equation above, we approximate Rhalf by the mass
weighted average of the half mass radius of the disk and
the half mass radius of the bulge, and Msat is the baryonic
mass (cold gas plus stellar mass). The cold 5 gas mass that
is associated with the disrupted satellite is added to the
hot component of the central galaxy. When a central Type
0 galaxy is accreted onto a larger system and becomes a
Type 1 satellite, it carries its ICL component until its parent
substructure is stripped below the resolution limit of the
simulation. At this point, its ICL is added to that of the
new central galaxy.
In a recent paper, Villalobos et al. (2012) discuss the
limits of this implementation with respect to results from
controlled numerical simulations of the evolution of disk
galaxies within a group environment. The model discussed
above is applied only after the galaxy’s dark matter subhalo
has been completely disrupted, but the simulations by Vil-
lalobos et al. show that the stellar component of the satellite
galaxy can be significantly affected by tidal forces when its
parent subhalo is still present. In addition, this model as-
sumes that the galaxy is completely destroyed when equa-
tion (4) is satisfied, but the simulations mentioned above
show that galaxies can survive for a relatively long time
(depending on their initial orbit) after they start feeling the
tidal forces exerted by the cluster potential.
Predictions from this model are affected by numerical
resolution. We carried out a convergence test by using a
set of low-resolution simulations with the same initial con-
ditions of the high-resolution set used in this paper, but
with the dark matter particle mass one order of magnitude
larger than the one adopted in the high resolution set and
with gravitational softening increased accordingly by a fac-
tor 101/3. We find that, on average, the ICL fraction is ∼ 30
per cent higher in the low-resolution set (∼ 20 per cent in
group-like haloes with mass ∼ 1013M⊙h
−1 and ∼ 50 in the
most massive haloes considered in our study, as shown in
the right panel of Figure A1 in Appendix A). This is due
to the fact that, decreasing the resolution, a larger fraction
of satellite galaxies are classified as Type 2 and are subject
to our stripping model. While the lack of numerical con-
vergence does not affect the qualitative conclusions of our
analysis, we point out that the amount of ICL measured in
our simulations should be regarded as an upper limit.
5 In our model, no hot component is associated with satellite
galaxies.
3.2 Tidal Radius Model
In this prescription, we allow each satellite galaxy to lose
mass in a continuous fashion, before merging or being totally
destroyed. Assuming that the stellar density distribution of
each satellite can be approximated by a spherically sym-
metric isothermal profile, we can estimate the tidal radius
by means of the equation:
Rt =
(
Msat
3 ·MDM,halo
)1/3
·D (5)
(Binney & Tremaine 2008). In the above equation, Msat is
the satellite mass (stellar mass + cold gas mass), MDM,halo
is the dark matter mass of the parent halo, and D the satel-
lite distance from the halo centre.
In our model, a galaxy is a two-component system with
a spheroidal component (the bulge), and a disk component.
If Rt is smaller than the bulge radius, we assume the satellite
to be completely disrupted and its stellar and cold mass
to be added to the ICL and hot component of the central
galaxy, respectively. If Rt is larger than the bulge radius but
smaller than the disk radius, we assume that the mass in the
shell Rt−Rsat is stripped and added to the ICL component
of the central galaxy. A proportional fraction of the cold
gas in the satellite galaxy is moved to the hot component of
the central galaxy. We assume an exponential profile for the
disk, and Rsat = 10 ·Rsl, where Rsl is the disk scale length
(Rsat thus contains 99.9 per cent of the disk stellar mass).
After a stripping episode, the disk scale length is updated
to one tenth of the tidal radius.
This prescription is applied to both kinds of satellite
galaxies. For Type 1 galaxies, we derive the tidal radius in-
cluding the dark matter component in Msat, and we impose
that stellar stripping can take place only if the following
condition is verified:
RDMhalf < R
Disk
half , (6)
where RDMhalf is the half-mass radius of the parent subhalo,
and RDiskhalf the half-mass radius of the galaxy’s disk, that is
1.68·Rsl for an exponential profile. When a Type 1 satellite is
affected by stellar stripping, the associated ICL component
is added to that of the corresponding central galaxy.
As for the Disruption model, predictions from the Tidal
Radius model are affected by numerical resolution. We car-
ried out the same convergence test used for the Disruption
model. Again, we find for the low resolution set a larger
amount of ICL (by about 40 per cent, almost independent
of halo mass, as shown in the left panel of Figure A1 in Ap-
pendix A). In this model, Type 2 galaxies are the dominant
contributors to the ICL and, as for the Disruption model,
the larger number of these satellites in the low-resolution
set translates in a larger number of galaxies eligible for tidal
stripping.
3.3 Continuous Stripping Model
This model is calibrated on recent numerical simulations by
Villalobos et al. (2012). These authors have carried out a
suite of numerical simulations aimed to study the evolution
of a disk galaxy within the global tidal field of a group envi-
ronment (halo mass of about 1013 M⊙). In the simulations,
c© 2012 RAS, MNRAS 000, 1–17
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both the disk galaxy and the group are modelled as multi-
component systems composed of dark matter and stars. The
evolution of the disk galaxy is followed after it crosses the
group virial radius, with initial velocity components consis-
tent with infalling substructure from cosmological simula-
tions (see Benson 2005). The simulations cover a broad pa-
rameter space and allow the galaxy-group interaction to be
studied as a function of orbital eccentricity, disk inclination,
and galaxy-to-group mass ratio. We refer to the original pa-
per for a more detailed description of the simulations set-up,
and of the results.
Analysing the outputs of these simulations (Villalobos
et al, in preparation), we have derived a fitting formula that
describes the evolution of the stellar mass lost by a satellite
galaxy as a function of quantities estimated at the time of
accretion (i.e. at the time the galaxy crosses the virial radius
of the group). Our fitting formula reads as follow:
M∗lost =M
∗
accr exp
[(
−16
1− η
)(
Msub
Mpar
) 1
2
(
1−
t
tmerg
)]
(7)
where M∗accr is the stellar mass at the time of accretion, η
is the circularity of the orbit, Msub and Mpar are the sub-
halo and parent halo dark matter masses respectively, and
tmerg is the residual merger time of the satellite galaxies. We
approximate the accretion time as the last time the galaxy
was a central galaxy (a Type 0), and compute the circularity
using the following equation:
η = Vθ
√
2f − V 2r − V
2
θ
2f − 1
, (8)
where Vr and Vθ are the radial and tangential velocities of
the accreted subhalo, and f = 1 + Msub/Mpar. For each
accreted galaxy, Vr and Vθ are extracted randomly from
the distributions measured by Benson (2005) from numerical
simulations.
Since Eq. 7 is estimated at the time of accretion, we
cannot use the merger time prescription that is adopted in
the reference model, where a residual merger time is as-
signed only at the time the substructure is stripped be-
low the resolution of the simulation. To estimate merger
times at the time of accretion, we use the fitting formula
by Boylan-Kolchin et al. (2008) (hereafter BK08), that has
been calibrated at the time the satellite galaxy crosses the
virial radius of the accreting system, and is therefore con-
sistent with our Eq. 7. In a few cases, it happens that the
merger time is elapsed when the satellite galaxy is still a
Type 1. In this case, we do not allow the galaxy to merge
before it becomes a Type 2.
De Lucia et al. (2010) compared the merger times pre-
dicted using this formula with no orbital dependency and for
circular orbits with those provided by Equation 1 used in the
reference model, and found a relatively good agreement. We
find that, once the orbital dependency is accounted for, the
BK08 fitting formula predicts merger times that are on av-
erage shorter than those used in our reference model by a
factor of ∼ 3 for mass-ratios Msub/Mpar > 0.025. Therefore,
in our continuous stripping model, mergers are on average
shorter than in the disruption and tidal radius models.
To implement the model described in this section for the
formation of the ICL, we use Eq. 7 to compute how much
stellar mass has to be removed from each satellite galaxy
at each time-step. The stripped stars are then added to the
ICL component of the corresponding central galaxy, and a
proportional fraction of the cold gas in the satellite is moved
into the hot component associated with the central galaxy.
If the stripped satellite is a Type 1, and it carries an ICL
component, this is removed at the first episode of stripping
and added to the ICL component of the central galaxy.
It is worth stressing that Eq. 7 is valid for disk galax-
ies that are accreted on a system with velocity dispersion
typical of a galaxy group, and that we are extrapolating the
validity of this equation to a wider halo mass ranges.
3.4 Merger channel for the formation of the ICL
Murante et al. (2007) argue that the bulk of the ICL is not
due to tidal stripping of satellite galaxies (that in their sim-
ulations accounts for no more than 5-10 per cent of the total
diffuse stellar component), but to relaxation processes tak-
ing place during the mergers that characterize the build-up
of the central dominant galaxy.
In our reference model, if two galaxies merge, the stellar
mass of the merging satellite is added to the stellar (bulge)
mass of the central galaxy. Based on the findings described
above, we add a ‘merger channel’ to the formation of the ICL
by simply assuming that, when two galaxies merge, 20 per
cent of the satellite stellar mass gets unbound and is added
to the ICL of the corresponding central galaxy. We have veri-
fied that this simple prescriptions reproduces approximately
the results of the numerical simulations by Villalobos et al.
(2012), though in reality the fraction of stars that is unbound
should depend on the orbital circularity (Villalobos et al.,
in preparation). We have also verified that assuming that
a larger fraction of the satellite stellar mass gets unbound,
obviously leads to higher ICL fractions. In particular, as-
suming that 50 per cent of the stellar mass of the satellite
is unbound, almost doubles the ICL fractions predicted. As-
suming an even higher fraction does not affect further the
ICL fraction because the effect of having more stellar mass
unbound is balanced by the fact that merging galaxies get
significantly less massive.
A similar prescription was adopted in Monaco et al.
(2006) who showed that this has important consequences
on the assembly history of the most massive galaxies, and
in Somerville et al. (2008) as one possible channel for the
formation of the ICL in the context of a hierarchical galaxy
formation model. In order to test the influence of this chan-
nel on our results, in the following we will present results
with this channel both on and off.
3.5 Modelling the bulge and disk sizes
Our reference model (DLB07) does not include prescriptions
to model the bulge size, that we use in our stellar stripping
models. To overcome this limitation, we have updated the
reference model including the prescriptions for bulge and
disk growth described in Guo et al. (2011).
Both the gaseous and stellar components of the disk
are assumed to follow an exponential profile. Assuming a
flat circular velocity curve, the scale-lengths of these two
components can be written as:
c© 2012 RAS, MNRAS 000, 1–17
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Rgsl =
Jgas/Mgas
2Vmax
, R∗sl =
J∗/M∗,disk
2Vmax
, (9)
where Jgas and J∗ are the angular momenta of the gas and
stars, Mgas and M∗,disk are the gas and stellar mass of the
disk, and Vmax is the maximum circular velocity of the dark
halo associated with the galaxy. Following Guo et al. (2011),
we assume that the change in the angular momentum of the
gas disk during a timestep can be expressed as the sum of the
angular momentum changes due to addition of gas by cool-
ing, accretion from minor mergers, and gas removal through
star formation. The latter causes a change in the angular
momentum of the stellar disk. We refer to the original paper
by Guo et al. for full details. We have verified that switching
back to the simple model for disk sizes of Mo et al. (1998)
used in our reference model, does not affect significantly the
results discussed in the following6 .
Bulges grow through two different channels: mergers
(both major and minor) and disk instability. Following
Guo et al. (2011), we estimate the change in size due to a
merger using energy conservation and the virial theorem:
GM2new,b
Rnew,b
=
GM21
R1
+
GM22
R2
+
M1M2
R1 +R2
(10)
The same approach is adopted in case of disk instability,
simply replacing R1 and M1 with the size and mass of the
existing bulge, and R2 andM2 with the size and mass of the
stars that are transferred from the disk to the bulge so as to
keep the disk marginally stable. R2 is determined assuming
that the mass is transferred from the inner part of the disk,
with the newly formed bulge occupying this region. Again,
we refer to the original paper by Guo et al. (2011) for full
details on this implementation.
4 THE GALAXY STELLAR MASS FUNCTION
Before focusing our discussion on the ICL component, it
is interesting to analyse how the proposed prescriptions af-
fect one basic prediction of our model, that is the galaxy
stellar mass function. In Figure 1, we show the conditional
stellar mass function of satellite galaxies in the 49 haloes
from our simulations that fall in the mass range 13.5 <
logM200[M⊙h
−1] < 13.8 in the left panel, and in the 3 haloes
from our simulations with 14.4 < logM200[M⊙h
−1] < 14.7
in the right panel. We show predictions from both our ref-
erence model (DLB07, shown as a solid black line), and
from the three models including the treatments for the
stripping and/or disruption of satellite galaxies discussed
in Section 3 (lines of different style, see legend). Model pre-
dictions are compared with observational measurements by
Liu et al. (2010). These are based on group catalogues con-
structed from the Sloan Digital Sky Survey (SDSS) Data
Release 4, using all galaxies with extinction corrected mag-
nitude brighter than r = 18 and in the redshift range
0.01 6 z 6 0.2. We do not show here predictions from the
models with the merger channel for the formation of the ICL
6 Note that the disk size enters in the calculation of the star
formation rate. Therefore, a change in the disk size model could,
in principle, affect significantly model results.
switched on, as these do not deviate significantly from the
corresponding models with the merger channel off.
For the lower halo mass range considered, the reference
model fails in reproducing the observed stellar mass func-
tion, over-predicting the abundance of galaxies with stellar
mass below ∼ 1010 M⊙. This problem is somewhat allevi-
ated when including a model for stellar stripping, but not
solved. In particular, our ‘disruption model’ (model Disr.
in the figure and hereafter) does not significantly affect the
abundance of the most massive satellites, while reducing the
number of their lower mass counterparts (not by the amount
required to bring model predictions in agreement with ob-
servational results). This is expected as this model only acts
on Type 2 galaxies, that dominate the low-mass end of the
galaxy mass function.
Predictions from the ‘tidal radius model’ (model Tid.)
are not significantly different from those of model Disr.,
while the ‘continuous stripping model’ (model Cont. Strip.)
significantly under-predicts the abundance of the most mas-
sive satellite galaxies. There are two possible explanations
for this behaviour: (i) the abundance of massive satellites is
reduced because these are significantly affected by our strip-
ping model or (ii) these massive satellites have disappeared
because they have merged with the central galaxies of their
parent haloes. As discussed in Section 3.3, our model Cont.
Strip. uses a different prescription for merger times with re-
spect to that employed in the reference model and in models
Disr. and Tid. We find that, in this model, merger times are
on average shorter than in the other models, which is the
reason for the under-prediction of massive satellites shown
in Figure 1. As we will discuss in the following, this also
implies that the stellar mass of the BCGs in model Cont.
Strip. are on average larger than those predicted by models
Disr. and Tid.
For the higher halo mass range considered, the ob-
served number density of intermediate-to-low mass galaxies
is higher, and all our models appear to be in agreement with
observational measurements. The agreement remains good
also at the massive end, with the exception of model Cont.
Strip. that significantly under-predicts the number density
of massive galaxies. As explained above, this is due to the
shorter galaxy merger times used in this model.
We will show below that, in our models, the merger
channel does not provide the dominant contribution to the
ICL formation so that this is mainly driven by stripping
and/or disruption of satellites. Therefore, the excess of in-
termediate to low-mass galaxies for haloes in the lower mass
range might invalidate our predictions. However, as we will
show below, the bulk of the ICL originates from relatively
massive galaxies so that this particular failure of our models
does not significantly affect our results.
5 ICL FRACTION AND DEPENDENCY ON
HALO PROPERTIES
We now turn our analysis to the ICL component, and start
by analysing the overall fraction of ICL predicted by our
models, and how it depends on halo properties. The left
panel of Figure 2 shows the ICL fraction as a function of
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Figure 1. Left panel: The conditional stellar mass function of satellite galaxies in haloes in the mass range 13.5 < logM200[M⊙h−1] <
13.8. Our simulations provide a total of 49 haloes in this mass range. Predictions from our reference model (DLB07) are shown by a solid
black line, while predictions from our three models including disruption or/and stripping of satellite galaxies are shown by thinner lines
of different style, as indicated by the legend. Symbols with error bars show observational measurements based on SDSS by Liu et al.
(2010). Right panel: as in the left panel, but for the 3 haloes from our simulations with 14.4 < logM200[M⊙h−1] < 14.7.
Figure 2. Left panel: ICL fraction as a function of halo mass. Lines of different style and colour show median results from different
models, as indicated in the legend. Right panel: ratio between the ICL component plus BCG stellar mass and the total stellar mass
within R500. Symbols with error bars show observational estimates by Gonzalez et al. 2007. In both panels, the gray shaded region shows
the 20th and 80th percentiles of the distribution for model Disr. The other models have comparable scatter.
c© 2012 RAS, MNRAS 000, 1–17
8 E. Contini et al.
halo mass. To measure the predicted fractions, we have con-
sidered all galaxies within R200 and with stellar mass larger
thanM∗ = 10
8.3M⊙, that approximately corresponds to the
resolution limit of our simulations. Lines of different style
and colour show the median relations predicted by our dif-
ferent prescriptions, as indicated in the legend. The grey re-
gion marks the 20th and 80th percentiles of the distribution
found for model Disr. (the other models exhibit a similar
dispersion).
The predicted fraction of ICL varies between ∼ 20 per
cent for model Disr. with the merger channel off, and ∼ 40
per cent for model Cont. Strip. with the merger channel on.
A relatively large halo-to-halo variation is measured for all
models. For none of our models, we find a significant increase
of the ICL fraction with increasing halo mass (see discussion
in Section 1), at least over the range of M200 shown. In the
figure, we have also considered the ICL associated with Type
1 galaxies within R200 of each halo. We stress, however, that
their contribution is, on average, smaller than 7 per cent of
the total ICL associated with the cluster.
As expected, when including a merger channel for the
formation of the ICL, its fraction increases, by about ∼ 25
per cent in models Disr. and Tid., and by about ∼ 50 per
cent in model Cont. Strip. As mentioned in the previous Sec-
tion, this difference is due to the different dynamical friction
formula used in this model, which makes merger times sig-
nificantly shorter than in the other two models. The amount
of ICL that comes from the merger channel is not negligible
in the framework of our models and, as expected, increases
in the case of shorter merger times. Overall, predictions from
our models agree well with fractions of ICL quoted in the
literature, i.e. 10−40 per cent going from groups to clusters
(e.g. Feldmeier et al. 2004; Zibetti 2008; McGee & Balogh
2010; Toledo et al. 2011).
As discussed in Section 1, it is not an easy task to sep-
arate the ICL from the stars that are bound to the BCG.
To avoid these difficulties, and possible biases introduced by
the adoption of different criteria in the models and in the
observations, we consider the ratio (MICL+MBCG)/M
∗
total.
The right panel of Figure 2 shows how this fraction varies for
the different models considered in this study, and compares
our model predictions with observational measurements by
Gonzalez et al. (2007). To be consistent with these obser-
vational measurements, we consider in this case all galaxies
within R500 and brighter than mI = 18 (i.e. galaxies more
massive than ∼ 1010M⊙). Considering the scatter in both
our model predictions and in the observational data, the
Figure shows that model Disr. (as well as its variation with
the merger channel on) is in relatively good agreement with
observational data, though it tends to predict higher ratios
for the lowest halo masses considered. Model Tid. predicts a
higher fraction of stars in ICL+BCG than model Disr., and
the median relation lies close to the upper envelope of the
observational data. Finally, model Cont. Strip. over-predicts
the fraction of stars in ICL+BCG over the entire mass range
considered.
The merger channel does not affect the predicted trend
as a function of halo mass, but this channel increases on
average the fraction of stars in ICL+BCG. This is surprising:
stars that are contributed to the ICL through the merger
channel would contribute to the BCG mass if the channel
is off so that the merger channel should not affect the sum
of the ICL and BCG stellar masses. The difference found
is due to slight changes in the merger history of the BCGs,
due to variations in the merger times of satellite galaxies.
In fact, satellite merger times become slightly longer than
in a model that does not include stellar stripping because
satellite galaxies gain less stellar mass through accretion as
central galaxies (also the satellites that were accreted on
them were stripped). Because of the shorter merger times
mentioned above, model Cont. Strip. is affected more by
this change.
As discussed above, the ICL fraction predicted by our
models does not vary as a function of the host halo mass
but exhibits a relatively large halo-to-halo scatter, partic-
ularly at the group mass scale. The natural expectation is
that this scatter is largely determined by a variety of mass
accretion histories at fixed halo mass. We can address this
issue explicitly using our simulations. In Figure 3, we show
how the ICL fraction correlates with the halo concentra-
tion in the left panel, and with the halo formation time in
the right panel. We note that these two halo properties are
correlated (see e.g. Giocoli et al. 2012). As usually done in
the literature, we have defined the formation time of the
halo as the time when its main progenitor has acquired
half of its final mass. The concentration has been computed
by fitting the density profile of the simulated haloes with
a NFW profile (Navarro, Frenk & White 1996). To remove
the known correlations between halo mass and concentra-
tion/formation time (Bullock et al. 2001; Neto et al. 2007;
Power et al. 2012), we consider in Figure 3 only the 53 haloes
from our simulations with M200[M⊙/h] > 10
14. As in pre-
vious figures, we show the dispersion (20th and 80th per-
centiles of the distribution) only for model Disr. The other
two models exhibit a similar scatter.
The figure shows that, for the halo mass range consid-
ered, the ICL fraction increases with increasing concentra-
tion/formation time for models Disr. and Tid while remain-
ing approximately constant for model Cont. Strip. There-
fore, for models Disr. and Tid., large part of the scatter seen
in Figure 2 for haloes in the mass range considered can be ex-
plained by a range of dynamical histories of haloes. Haloes
that ‘formed’ earlier (those were also more concentrated)
had more time to strip stars from their satellite galaxies or
accumulate ICL through accretion of smaller systems, and
therefore end up with a larger fraction of ICL. For model
Cont. Strip., no clear trend as a function of either halo
concentration or halo formation time is found. This hap-
pens because, contrary to the other two models, the way
we model stellar stripping in the Cont. Strip. model does
not introduce any dependence on halo concentration. In this
model, the amount of stellar mass stripped from satellite
galaxies depends only on properties computed at the time
of accretion (i.e. mass ratio, circularity of the orbit). In con-
trast, in models Disr. and Tid., the stripping efficiency is
computed considering the instantaneous position of satel-
lite galaxies. Dynamical friction rapidly drags more massive
satellites (those contributing more to the ICL) towards the
centre, where stripping becomes more efficient. Our results
show that equation 7 is not able to capture this variation,
although it is by construction included in the simulations
used to calibrate our model.
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Figure 3. Left Panel: Fraction of ICL as a function of halo concentration for the 53 haloes from our simulations withM200[M⊙/h] > 1014.
Halo concentration is defined as c200 = rs/r200, where rs is the characteristic scale obtained by fitting the halo density profile to a NFW
profile. Right Panel: Fraction of ICL as a function of halo formation time, defined as the time when the main progenitor of the halo has
acquired 50 per cent of its final mass. Predictions from different models are shown by lines of different colour, as indicated in the legend.
The gray shaded region shows the 20th and 80th percentile of the distribution found for model Disr.
For lower mass haloes, there is no clear correlation be-
tween ICL fraction and the two halo properties considered.
This is in part due to the fact that, as we will see in the next
section, the bulk of the ICL forms very late - later than the
typical formation time of low-mass haloes. In this low-mass
range, large part of the scatter in the ICL fraction is driven
by the fact that these haloes typically contain relatively few
massive galaxies, that are those contributing the bulk of the
ICL (see next section). So it is the scatter in the accretion
of single massive galaxies that drives the relatively large dis-
persion seen in Figure 2 for haloes with mass smaller than
1014 M⊙. We have explicitly verified this by considering the
20 per cent haloes in this mass range with the highest and
lowest ICL fractions. We find that for those haloes that have
larger ICL components, this has been contributed by a few
relatively massive satellite galaxies (stellar mass larger than
1010 M⊙). In contrast, the ICL in haloes with lower ICL
fractions was contributed by less massive satellite galaxies.
In a recent work, Purcell et al. (2007) study how the
fraction of ICL varies over a wide range of halo masses (from
that of spiral galaxies like our Milky Way to that of massive
galaxy clusters) using an analytic model for subhalo infall
and evolution, and empirical constraints to assign a stellar
mass to each accreted subhalo. In their model, the stellar
mass associated with a subhalo is assumed to be added to
the diffuse component when a certain fraction of the subhalo
dark matter mass has been stripped by tidal interaction with
the parent halo. In particular, their fiducial model assumes
that disruption of the stellar component starts when 20 per
cent of the subhalo mass remains bound. Over the range
of halo masses sampled in our study, Purcell et al. (2007)
predict a weak increase of the ICL fraction, from ∼ 20 per
cent for haloes of mass ∼ 1013 M⊙ to about 30 per cent for
massive galaxy clusters of mass ∼ 1015 M⊙. One specific pre-
diction of their model is that the fraction of ICL correlates
strongly with the number of surviving satellite galaxies. As
they explain, this correlation arises from the fact that haloes
that acquired their mass more recently had relatively less
time to disrupt the subhaloes they host, and therefore have
less ICL.
We analyse the same correlation within our models in
Figure 4. This shows the ICL fraction as a function of the
number of satellite galaxies within R200 for haloes in the
mass range 1013.4 < M200[M⊙h
−1] < 1013.6, and for model
Disr.. Lines of different style correspond to different mass
cuts, as indicated in the legend. The figure shows that,
when considering all galaxies with stellar mass larger than
109 M⊙, no significant trend is found between the ICL frac-
tion and the corresponding number of surviving satellite
galaxies (this number ranges between ∼ 20 and ∼ 45 for
this stellar mass cut). When increasing the stellar mass cut,
the number of surviving satellites decreases (as expected),
and a trend appears in the sense that larger ICL fractions
are measured for lower numbers of surviving satellites. Sim-
ilar trends are found for model Tid., while for model Cont.
Strip. no trend is found between the number of surviving
satellites and the ICL fraction, for any mass cut used.
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Figure 4. Fraction of ICL as a function of the number of satellites
within R200, with mass larger than the thresholds indicated in
the legend. The figure refers to haloes in the mass range 1013.4 <
M200[M⊙h−1] < 1013.6, and to the model Disr.
6 FORMATION OF THE ICL
In this section, we take advantage of our models to analyse
when the bulk of the ICL forms, which galaxies provide the
largest contribution to it, what is the fraction of ICL that
has been accreted from other haloes during the hierarchical
growth of clusters, and what fraction is instead contributed
from the merger channel.
In Figure 5, we show the contribution to the ICL from
galaxies with different stellar mass. For model Disr., the
galaxy mass on the x-axis corresponds to that of the satel-
lite right before its disruption, while for model Cont. Strip.
it corresponds to the satellite mass before stripping takes
place. For model Tid., both cases can occur. The distribu-
tions shown in Figure 5 represent the average obtained con-
sidering all haloes in our simulated sample. When consider-
ing haloes in different mass bins, the distributions are similar
but, as expected, they shift towards lower stellar masses for
lower mass haloes.
The figure shows that the bulk of the ICL comes from
galaxies with stellar masses ∼ 1011 M⊙ for models Disr. and
Tid., and ∼ 1010.3 M⊙ for model Cont. Strip. In particular,
we find that for models Disr. and Tid., about 26 per cent of
the ICL is contributed by galaxies with stellar mass in the
range 1010.75 − 1011.25M⊙. About 68 per cent comes from
satellites more massive than 1010.5M⊙, while dwarf galaxies
contribute very little. For model Cont. Strip., almost all the
ICL mass (∼ 90 per cent of it) comes from satellites with
mass in the range 109 − 1011M⊙. The merger channel does
not affect significantly the distributions shown.
The result discussed above can be easily understood in
terms of dynamical friction: the most massive satellites de-
cay through dynamical friction to the inner regions of the
halo on shorter time-scales than their lower mass counter-
Figure 5. Fraction of the ICL component as a function of the
galaxy stellar mass that contributed to it. In the case of model
Disr., the galaxy stellar mass on the x-axis refers to the mass that
the satellite has before its disruption. For model Cont. Strip., it
corresponds to the satellite mass before stripping takes place. For
model Tid., both cases can occur.
parts. Tidal forces are stronger closer to the halo centre,
so that the contribution to the ICL from stripping and/or
disruption of massive galaxies is more significant than that
from low mass satellites. The latter tend to spend larger
fractions of their lifetimes at the outskirts of their parent
halo, where tidal stripping is weaker.
The differences between predictions from models Disr.
and Tid. and those from model Cont. Strip. are due to a
combination of different effects. On one side, model Cont.
Strip. uses a different merger time prescription that leads to
significantly shorter merger times than in models Disr. and
Tid. This is particularly important for the most massive
satellites that have the shortest merger times. In addition,
while in models Disr. and Tid. satellite galaxies can be com-
pletely destroyed, stripping takes place in a more continuous
and smooth fashion in model Cont. Strip. These two effects
combine so that the largest contribution to the ICL in this
model comes from ‘intermediate’ mass satellites that orbit
long enough in the cluster potential to be affected signifi-
cantly by stellar stripping.
Similar results have been found in other studies. In the
work by Purcell et al. (2007) mentioned above, the ICL on
the cluster mass scale is largely produced by the disruption
of satellite galaxies with mass ∼ 1011 M⊙. In a more re-
cent work, Martel et al. (2012) combine N-body simulations
with a subgrid treatment of galaxy formation. They find
that about 60 per cent of the ICL in haloes more massive
than ∼ 1014 M⊙ is due to the disruption of galaxies with
stellar mass in the range 6 × 108 − 3 × 1010 M⊙. Their re-
sults are close to predictions from our model Cont. Strip.,
with an enhanced contribution of intermediate-mass galaxies
with respect to the other two models discussed in this study
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Figure 6. Fraction of stellar mass in ICL as a function of the look-
back time, normalized to the amount of ICL at present (thick lines
of different style and color). Thinner lines show the evolution in
the stellar mass of the main progenitor of BCGs as a function of
lookback time.
and results from Purcell et al. (2007). However, in agree-
ment with our results and those from Purcell et al. (2007),
they also find that the contribution from low-mass galaxies
to the ICL is negligible, though they dominate the cluster
galaxy population in number.
The analysis discussed above answers the question on
‘which’ galaxies contribute (most) to the ICL component.
We can now take advantage of results from our models to
ask ‘when’ the ICL is produced. We address this issue in
Figure 6 that shows the ICL fraction (normalized to the total
amount of ICL measured at present) as a function of cosmic
time, for all different prescriptions used in this study (thick
lines of different colour and style). The cosmic evolution of
the ICL component is compared with the evolution of the
stellar mass in the main progenitor of the corresponding
BCGs, shown as thin lines.
In agreement with previous studies both based on
simulations (Willman et al. 2004; Murante et al. 2007) and
on analytic or semi-analytic models (Conroy et al. 2007;
Monaco et al. 2006), we find that the bulk of the ICL forms
relatively late, below z = 1. Models Disr. and Tid. pre-
dict very similar ICL growth histories, while in model Cont.
Strip. the ICL formation appears to be anticipated with re-
spect to the other two models. At redshift ∼ 1, less than 10
per cent of the ICL was already formed in models Disr. and
Tid. If the merger channel for the formation of the ICL is
switched on in these models, the ICL fraction formed at the
same redshift increases to ∼ 15− 20 per cent. As explained
earlier, the importance of the merger channel is enhanced
in model Cont. Strip. The figure also shows that the ICL
grows slower than the mass in the main progenitor of the
BCG down to z ∼ 1, i.e. at a lookback time of ∼ 8 Gyr. Be-
low this redshift, the ICL component grows much faster than
Figure 7. Top panel: fraction of accreted ICL as a function of the
BCG stellar mass. Bottom panel: fraction of ICL contributed by
the merger channel as a function of the BCG stellar mass. The
grey shaded region shows the 20th and 80th percentiles of the
distribution measured for model Disr. The other models exhibit
similar dispersions.
the BCG, with more than 80 per cent of the total ICL mass
found at z=0 being formed during this redshift interval.
We now want to quantify what is the fraction of ICL
that is accreted onto the cluster during its hierarchical
growth. As explained in Section 3, the amount of ICL as-
sociated with a central galaxy can increase through three
channels:
(i) stripping of satellite galaxies orbiting in the same par-
ent halo;
(ii) mergers, if this particular channel is switched on;
(iii) accretion of the ICL component that is associated with
new galaxies infalling onto the cluster during its assembly
history or with satellite galaxies (i.e. when a Type 1 becomes
a Type 2 galaxy in model Disr. or when a Type 1 is stripped
for the first time in models Tid. and Cont. Strip).
In the following, we define the ‘accreted’ component as the
ICL fraction that is coming through the third channel de-
scribed above. The contribution from this component is
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shown in the top panel of Figure 7 as a function of the
stellar mass of the BCG. In models Disr. and Tid., the frac-
tion of the accreted component increases from a few per cent
for the least massive BCGs in our sample to ∼ 13− 25 per
cent for the most massive BCGs, in case the merger channel
is off. For model Cont. Strip., the increase as a function of
the BCG stellar mass is less pronounced, and the fraction
of accreted ICL is always below 10 per cent even in the case
the merger channel is on.
The bottom panel of Figure 7 quantifies the amount of
ICL that comes from the merger channel. If this channel is
switched on, as we have seen in the left panel of Figure 2,
the ICL fraction increases in each model. We note that the
amount of ICL that comes from this channel cannot be in-
ferred precisely by comparing each model in Figure 2 with
its counterpart including the merger channel, because it af-
fects slightly the merger times of galaxies. The contributions
to the ICL coming from mergers are shown in the bottom
panel of Figure 7, and have been stored using the three pre-
scriptions used in this study with the merger channel on. We
find that in models Disr. and Tid. the merger channel con-
tributes to ∼ 15 per cent of the total ICL. For model Cont.
Strip., the contribution from mergers is significantly larger,
ranging from ∼ 30 per cent for the least massive BCGs in
our sample, to ∼ 40 per cent for the most massive ones.
7 ICL AND BCG PROPERTIES
We now focus on the relation between the ICL and the main
properties of BCGs, such as stellar mass and luminosity,
and analyse how these are affected by the inclusion of our
prescriptions for the formation of the ICL.
In Figure 8 we show the relation between the mass in
the ICL component and the stellar mass of the BCG. As
expected, more massive BCGs reside in haloes that host
a more conspicuous ICL component. For models Disr. and
Tid., the correlation is strong for BCGs more massive than
∼ 3× 1011 M⊙, while it is very weak for less massive central
galaxies. Model Cont. Strip. predicts a weaker correlation
over the mass range explored, and a significantly lower mass
in the ICL component with respect to the other two models
when the merger channel is off.
Figure 9 shows the luminosity of the BCG in the K-band
as predicted by our models as a function of the halo mass.
Model predictions are compared with observational mea-
surements by Lin & Mohr (2004) and Popesso et al. (2007).
It is worth recalling that our model luminosities are ‘total’
luminosities, that are difficult to measure observationally:
Popesso et al. (2007) use SDSS ‘model magnitudes’, while
Lin & Mohr (2004) use elliptical aperture magnitudes cor-
responding to a surface brightness of µK = 20mag/arcsec
2 ,
and include an extra correction of 0.2 mag to get their ‘total
magnitudes’. Our reference model is in very good agreement
with both sets of observational data. Models Disr. and Tid.
predict slightly lower luminosities than our reference model,
as a consequence of the reduced accretion of stellar mass
from satellites (either because part of these are destroyed
- model Disr., or because they are stripped - model Tid.).
Model Cont. Strip. predicts luminosities of central galaxies
brighter than those measured by Popesso et al., on the clus-
ter mass scale. This is due to the fact that, as mentioned
Figure 8. Stellar mass in the ICL component as a function of the
BCGs stellar mass. Lines of different style and colour correspond
to different models, as indicated in the legend. The grey shaded
region shows the 20th and 80th percentiles of the distribution
obtained for model Disr.
earlier, merger times are shorter in this model, which in-
creases the stellar mass and the luminosity of the BCGs by
accretion of (massive) satellites.
Surprisingly, we find that also in models Disr. and Tid.
a small fraction of the BCGs are brighter (more massive)
than in the reference model. Naively, we do not expect this
to be possible as the only effect of our prescriptions should
be that of reducing the stellar mass of satellite galaxies by
stripping or disruption. In Figure 10, we show the ratio be-
tween the BCG stellar mass in the reference model and the
corresponding stellar mass in model Disr., as a function of
the former quantity. The Figure shows that the majority
of the BCGs are more massive in the reference model, but
about 23 per cent of the BCGs in our sample are actually
more massive when we switch on our prescription for the
disruption of satellite galaxies. If we additionally switch on
the merger channel for the formation of the ICL, the frac-
tion of BCGs that are more massive in model Disr. than
in the reference model reduces to about 10 per cent. Model
Tid. behaves in a similar way (the corresponding fractions
are 28 and 9 per cent, respectively). Model Cont. Strip., as
also evident from Figure 9 behaves differently. In this model,
about half (42 per cent) of the BCGs are more massive than
in the reference model, with this fraction reducing to about
26 per cent when the merger channel is switched on. While
in model Disr. (and Tid.) the effect seems to be limited to
the less massive BCGs (those with stellar mass lower than
∼ 1011.5M⊙), in model Cont. Strip. this happens for BCGs
of any mass.
In order to understand this finding, we have analysed
the evolution of the stellar mass, mass gained through merg-
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Figure 9. Relation between the BCG luminosity in K-band and
the cluster mass (M200). Black stars with error bars show the
observational measurements by Lin & Mohr (2004), while black
diamonds with error bars are observational measurements by
Popesso et al. (2007). The thick black solid line shows predictions
from our reference model (DLB07), while thinner lines of differ-
ent style show predictions from the models including our different
prescriptions for the formation of the ICL. The grey shaded region
shows the 20th and 80th percentiles of the distribution obtained
for the reference model. Our other models have comparable scat-
ter.
Figure 10. Ratio between the stellar mass of BCGs in the ref-
erence model and the corresponding value in model Disr., as a
function of the stellar mass in the reference model.
Figure 11. Top panel: Mass in the hot component available at
each redshift, for a BCG that is found to be more massive in model
Disr. (and less massive in model Cont. Strip.) than in the reference
model. Bottom panel: hot gas metallicity at each redshift. Results
are shown for different models, as indicated in the legend.
ers, and cooling rate for a number of the BCGs that are more
massive in model Disr. than in the reference model. We have
found that in all cases, the reason for the increased mass of
the BCGs can be traced back to a more efficient cooling rate.
In order to illustrate this, we show in Figure 11 a represen-
tative example. The top panel shows the amount of hot gas
available for cooling onto the main progenitor of the BCG,
up to z ∼ 3, while the bottom panel shows the correspond-
ing metallicity. Results are shown for the reference model,
and for our models Disr. and Cont. Strip. (model Tid. be-
haves similarly to the reference model). For this particular
BCG, the evolution of both the hot gas content and that
of its metallicity in model Disr. follow very closely the evo-
lution in the reference model. At z ∼ 1.5, the metallicity
of the hot gas in model Disr. becomes higher than in the
reference model, and this causes a significant increase in the
cooling rate. In turn, the more efficient cooling determines
an increase in the star formation, and therefore of the fi-
nal BCG stellar mass. The behaviour is different in model
Cont. Strip. where the metallicity of the hot gas actually
falls below the corresponding value in the reference model.
As we have explained earlier, for this particular model we
have used a different implementation of the merger times
which introduces a net decrease in the merger time of satel-
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lite galaxies. This more rapid merger rates causes about half
of the BCGs to be more massive in model Cont. Strip. than
in the reference model.
The difference in the hot gas metallicity of the BCG
between model Disr. and Cont. Strip. is due to a different
metal content of the gas accreted from satellite galaxies. We
recall that when a satellite galaxy is destroyed (or stripped),
its stellar mass goes to the ICL while its gaseous content,
including the corresponding metals, go to the hot gas com-
ponent associated with the central galaxy. In model Cont.
Strip., stripping is a continuous process that starts as soon
as a galaxy becomes a satellite. In addition, in this model
the formation of the ICL component starts earlier than in
the other models, as shown in Figure 6. In this case, the gas
that is removed from satellites tends to dilute the metal-
licity of the hot gas component. In model Disr. (as well as
in model Tid.), the formation of the ICL starts a bit later,
and satellite galaxies are more massive than in model Cont.
Strip. (and therefore also more metal rich - see Figure 5), so
that their disruption tends on average to increase the metal
content of the hot gas component.
8 ICL METALLICITY
From the observational viewpoint, little is known about the
stellar populations of the ICL component. Using I-band HST
data, Durrell et al. (2002) compared the brightness of Virgo
ICL red giant branch (RGB) stars to that of RGB stars
in a metal-poor dwarf galaxies, and estimated an age for
the ICL population older than ∼ 2 Gyr, and a relatively
high metallicity (−0.8 . [Fe/H] . −0.2). Williams et al.
(2007) use HST observations of a single intra-cluster field
in the Virgo Cluster and find that the field is dominated
by low-metallicity stars ([M/H] . −1.) with ages older than
∼ 10 Gyr. However, they find that the field contains stars of
the full range of metallicities probed (−2.3 6 [M/H] 6 0.0),
with the metal-poor stars exhibiting more spatial structure
than metal-rich stars, suggesting that the intra-cluster pop-
ulation is not well mixed. Using long-slit spectra and mea-
suring the equivalent width of Lick indices, Coccato et al.
(2011) find that most of the stars in the dynamically hot
halo of NGN3311 (the BCG in the Hydra I cluster) are old
and metal-poor ([Z/H] ∼ −0.35).
In this section, we present predictions of our models
concerning in particular the metallicity of the ICL compo-
nent. We recall that our model adopts an instantaneous recy-
cling approximation for chemical enrichment. In particular,
we assume that a constant yield of heavy elements is pro-
duced per solar mass of gas converted into stars, and that all
metals are instantaneously returned to the cold phase. Met-
als are then exchanged between the different phases pro-
portionally to the mass flows. When a satellite galaxy is
stripped of some fraction of its stars (or destroyed), a pro-
portional fraction (or all) of the metals are also moved from
the satellite stars into the ICL.
The left panel of Figure 12 shows the median metal-
licity of the ICL component, as a function of halo mass, for
our different prescriptions. The grey shaded region shows the
20th and 80th percentiles of the distribution found for model
Figure 13. BCG stellar metallicity as a function of halo mass.
Lines of different style and colour correspond to the different pre-
scriptions used in our study, as indicated in the legend. The thick
solid black line shows predictions from our reference model.
Disr. (the other models exhibit similar dispersions). In our
models, the ICL metallicity does not vary significantly as a
function of the halo mass. Assuming Z⊙ = 0.02, the average
metallicity of the ICL in models Disr. and Tid. is ∼ 0.63Z⊙,
while for model Cont. Strip. the ICL metallicity is signif-
icantly lower (∼ 0.32 − 0.50Z⊙). This is a consequence of
the fact that the galaxies contributing to the ICL are on
average less massive (and more metal-poor) than those that
contribute to the ICL in models Disr. and Tid. (see Fig-
ure 5). In the right panel of Figure 12, we show the average
metallicity distribution of stars in the ICL component for all
haloes in our sample. As a consequence of the results shown
in Figure 5, model Cont. Strip. predicts a distribution shifted
towards lower metallicities, with a peak at ∼ 0.4Z⊙. Models
Disr. and Tid. predict distributions that are less broad and
peaked at higher metallicities.
Our model results are therefore qualitatively consistent
with observational measurements by Williams et al. (2007),
with most of the stars in the ICL having sub-solar metallicity
but covering a relatively wide range.
Figure 13 shows the BCG metallicity predicted by the
different models used in our study, as a function of the halo
mass. The figure shows that all models predict very sim-
ilar metallicities for the BCGs, of about 0.74Z⊙. Predic-
tions are close to those of the reference model (thick solid
black line). On average, stellar stripping slightly increases
the BCG metallicity, particularly in model Tid. This hap-
pens because the most massive galaxies receive less low-
metallicity stars from satellite galaxies whose masses (and
metal contents) are reduced because of stellar stripping.
Our results confirm findings by De Lucia & Borgani
(2012) who show that the model mass-metallicity rela-
tion is offset low with respect to the observational mea-
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Figure 12. Left panel: mean metallicity of the ICL component as a function of halo mass. Predictions from different models are shown
using lines of different style and colour. The shaded gray region shows the 20th and 80th percentiles of the distribution obtained for
model Disr. Right panel: average distribution of the metallicities of the stars in the ICL component for all haloes in our sample.
surements at the massive end. In particular, the observed
BCG metallicities (similar to those of the most massive
galaxies) are expected to be at least 0.2-0.3 dex larger
(von der Linden et al. 2007; Loubser et al. 2009). Figure 13
shows that the inclusion of a model for the formation of the
ICL component does not significantly improve this disagree-
ment. More in general, we find that our modelling of the for-
mation of the ICL component does not significantly affect
the predicted mass-metallicity relation. This is in appar-
ent contrast with findings by Henriques & Thomas (2010)
who claim that the introduction of satellite disruption is
sufficient to bring the stellar metallicities of the most mas-
sive galaxies in agreement with the observational data. We
note that Henriques & Thomas (2010) use the same refer-
ence model adopted in our study and employ a Monte Carlo
Markov Chain parameter estimation technique to constrain
the model with the K-band luminosity function, the B-V
colours, and the black hole-bulge mass relation. The ‘best
fit’ model found by Henriques & Thomas (2010) includes a
model for tidal stripping of the satellite galaxies, but also
adopts different parameters with respect to the reference
model, in particular for the supernovae feedback and gas re-
cycling process (see their Table 2). We therefore argue that,
as discussed also in De Lucia & Borgani (2012), that stellar
stripping cannot provide alone the solution to the problem
highlighted above, and that modifications of the star forma-
tion and feedback processes are required.
9 DISCUSSION AND CONCLUSIONS
In this work, we build upon the semi-analytic model pre-
sented in De Lucia & Blaizot (2007, DLB07) to describe the
generation of intra-cluster light (ICL). We include differ-
ent implementations for modelling the formation of the dif-
fuse ICL. In particular, we consider: (i) a model that as-
sumes the stellar component of satellite galaxies can be af-
fected only after their parent dark matter substructures are
stripped below the resolution limit of the simulation (Dis-
ruption model); (ii) a model that accounts for stellar strip-
ping also from satellites sitting in distinct dark matter sub-
haloes, and based on a simple estimate of the tidal radius
(Tidal Radius model); and (iii) a model based on a fitting
formula derived from a suite of numerical simulations aimed
to study the evolution of a disk galaxy within the global tidal
field of a group environment (Villalobos et al. 2012, Contin-
uous Stripping model). In addition, we have also considered
the relaxation processes acting during galaxy-galaxy merg-
ers by simply assuming that 20 per cent of the stellar mass
of the merging satellite gets unbound and ends-up in the
ICL component associated with the remnant galaxy. In our
implementations, the bulk of the ICL is produced through
tidal stripping and disruption of the satellite galaxies, with
the merger channel contributing only for a minor fraction.
The reference model we have used is known to over-
predict the abundance of galaxies with mass below ∼
1010 M⊙ (Fontanot et al. 2009; Guo et al. 2011). The inclu-
sion of a model for stellar stripping of satellite galaxies alle-
viates this problem, but does not solve it. In a recent work,
Budzynski et al. (2012) use a catalogue of groups and clus-
ters from SDSS DR7 in the redshift range 0.15 6 z 6 0.4
and compare the galaxy number density profiles with pre-
dictions from the same reference model used in our study.
They show that the model follows very well the observa-
tional measurements but in the very central regions (within
∼ 0.2R500), where the predicted profile is steeper than ob-
servational measurements. The inclusion of stellar stripping
would improve the agreement with data in this region where
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the tidal field is stronger and galaxies are more likely to be
stripped. However, the same comparison with the data by
Lin et al. (2004) would lead to an opposite conclusion. This
suggests that the uncertainty on the density profiles in the
inner region is probably too large to put strong constraints
on stripping models.
As we discuss below, we find that the dominant contri-
bution to the ICL formation comes from stripping and/or
disruption of massive satellites so that the excess of interme-
diate to low-mass galaxies does not affect significantly our
results. In our Cont. Strip. model, we use a different prescrip-
tion for merger times with respect to that employed in the
reference model and in the other two models considered (see
Section 3.3). As a consequence, merger times are on average
shorter than in the other models which result in an under-
prediction of massive satellites. We note that recent work
by Villalobos et al. (2013) has pointed out that the dynami-
cal friction formula used in our Continuous Stripping model
(Boylan-Kolchin et al. (2008)) under-estimate merger times
at higher redshift. Implementing their proposed modifica-
tion would make merger times longer in this model, making
results more similar to the other two models. We have ex-
plicitly tested (by adding a fudge factor that increases again
the merger times so as to bring the predicted mass function
in agreement with observations) that this does not affect
significantly the results presented in this work.
A number of recent studies have focused on the for-
mation of the ICL, using both hydrodynamical numerical
simulations (e.g. Murante et al. 2007; Puchwein et al. 2010;
Rudick et al. 2006), and analytic models based on subhalo
infall and evolution (e.g. Purcell et al. 2007; Watson et al.
2012). Less work on the subject has been carried out us-
ing semi-analytic models of galaxy formation, but for basic
predictions in terms of how the fraction of ICL depends on
the parent halo mass (Monaco et al. 2006; Somerville et al.
2008; Guo et al. 2011).
Our models predict an ICL fraction that varies between
∼ 20 and ∼ 40 per cent (depending on the particular imple-
mentation adopted), with no significant trend as a function
of the parent halo mass. Results are in qualitative agree-
ment with observational data, in particular on the cluster
mass scale. We note, however, that the ICL fractions pre-
dicted by our models depend on the resolution of the simu-
lations: for a set of simulations that use a particle mass one
order of magnitude larger than that adopted in the high res-
olution runs used in our study, the predicted ICL fractions
increase by 30-40 per cent. We stress that both the data and
the model predictions exhibit a relatively large halo-to-halo
scatter. On the cluster mass scale, we find that the scatter is
largely due to a variety of mass accretion histories at fixed
halo mass, as argued by Purcell et al. (2007): objects that
formed earlier (that were also more concentrated) had more
time to strip stars from their satellite galaxies or accumulate
ICL through accretion of smaller systems. On group scale,
where the predicted scatter is very large, we do not find
any clear correlation between ICL fraction and halo concen-
tration or formation time. We show that, on these scales,
large part of the scatter is driven by individual accretion
events of massive satellites. The (albeit weak) correlation
between the ICL fraction and concentration on the cluster
mass scale can be tested observationally, e.g. by measuring
the ICL fraction and concentration for system lying in a
relatively narrow halo mass range.
Our models predict that the ICL forms very late, below
redshift z ∼ 1, in agreement with previous analysis based on
hydrodynamical numerical simulations (e.g. Murante et al.
2007). About 5 to 25 per cent of the diffuse light has been ac-
creted during the hierarchical growth of dark matter haloes,
i.e. it is associated with new galaxies falling onto the haloes
during their assembly history. In addition, we find that the
bulk of the ICL is produced by the most massive satel-
lite galaxies, M ∼ 1010−11 M⊙, in agreement with recent
findings based on N-body simulations (Martel et al. 2012)
and analytic models (Purcell et al. 2007). Low-mass galax-
ies (M∗ < 10
9M⊙) contribute very little to the ICL in terms
of mass, although they dominate in terms of number. This
is a natural consequence of dynamical friction triggering the
generation of the ICL: the most massive satellites approach
the inner cluster regions faster than their less massive coun-
terparts. Close to the cluster centre, tidal forces are stronger,
increasing the stripping efficiency. In contrast, small satel-
lites spend most of their time in the outer regions where
tidal stripping is weaker.
Since most of the ICL is produced by tidal stripping of
massive satellites, this component is found to have a metal-
licity that is similar to that of these galaxies. Our model
predictions are in qualitative agreement with observations,
with most of the stars in the diffuse component having
on average sub-solar metallicities (but covering a relatively
large range). We also find that the mean metallicity of the
ICL is approximately constant as a function of halo mass,
and exhibit a relatively small halo-to-halo scatter. In con-
trast, Purcell et al. (2008) predict a weak increase of the
ICL metallicity with increasing halo mass, over the same
halo mass range considered in our study. Finally, we show
that the inclusion of a model for tidal stripping of satel-
lite galaxies does not significantly affect the predicted mass-
metallicity relation, and only slightly increases the metal-
licity of the most massive galaxies. For all models, these
galaxies have stellar metallicities significantly lower than ob-
served (see also De Lucia & Borgani 2012). Future and more
detailed observations focused e.g. on age and metallicity of
the ICL component will help constraining our models and
understanding the physical mechanisms driving the forma-
tion of this important stellar component.
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APPENDIX A: NUMERICAL CONVERGENCE
In the left panel of Figure A1 we show the ICL fraction
as a function of cluster mass, as predicted by the Disrup-
tion model applied to two sets of simulations: a set with
high-resolution (the one we used in the paper), and the cor-
responding low-resolution set where the same initial condi-
tions were used for each halo but the particle mass adopted
is one order of magnitude larger. The ICL fraction appears
to be systematically higher in the low-resolution set over all
the halo mass range considered, with the difference being
more significant on cluster scale. This is due to the fact that,
decreasing the resolution, a larger fraction of satellite galax-
ies are classified as Type 2 and are subject to our stripping
model. The effect is weaker in low-mass haloes that have a
lower number of satellites galaxies.
We carried out the same convergence test also for Tidal
Radius model, and show the corresponding results in the
right panel of Figure A1. The ICL fraction is higher in the
low-resolution set than in the high resolution set, by about
40 per cent. Due to the constraint given by equation 6, events
of stripping of Type 1 satellites are extremely rare in this
model, and their contribution to the ICL fraction is lower
than 1 per cent over all the halo mass range considered.
This means that Type 2 galaxies are the main contributors
to the total amount of ICL. The larger fraction of these
galaxies in the low-resolution set causes the increase of the
ICL fraction, also on group scale, where the increase seems
to be more important than it is in Disruption model.
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Figure A1. Left Panel: ICL fraction predicted by the Disruption model as a function of halo mass, for haloes in the high resolution set
used in this paper (black lines and symbols), and the corresponding low-resolution version (red lines and symbols). Dashed lines show
the one sigma dispersion, while solid lines correspond to the mean. Right Panel: same as the left panel, but for the Tidal Radius model.
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